Introduction
During the development of the CNS, many neural cell types migrate great distances to reach their final destinations. Although neuronal migration has been studied extensively, the cues that direct the migration of oligodendrocyte precursors (OPs) are not well understood. Several factors that influence OP motility in vitro have been identified. Basic fibroblast growth factor (bFGF or FGF-2) and the platelet-derived growth factor (PDGF)-A chain are soluble chemoattractants for OPs (Armstrong et al., 1990; Milner et al., 1996; Simpson and Armstrong, 1999) , and reduced numbers of OPs and oligodendrocytes have been found in PDGF-A knock-out mice (Fruttiger et al., 1999) . However, because PDGF-A is also a mitogen for OPs (Noble et al., 1988; Calver et al., 1998) , this phenotype may be caused by deficient OP migration, deficient OP proliferation, or both. Substrates of the extracellular matrix proteins laminin, fibronectin, or vitronectin promote OP migration (Milner et al., 1996) , whereas tenascin C and collagen are nonpermissive substrates for migrating OPs (Kiernan et al., 1996; Milner et al., 1996) . The rate of OP migration increases in tenascin-C null mice, but tenascin C does not appear to direct OP cell migration (Garcion et al., 2001) . Sugimoto et al. (2001) have provided evidence that both semaphorin-3A (Sema3A) and netrin-1 are chemorepellents for OP cells migrating from explants of newborn rat optic nerve. In contrast, using a similar in vitro assay, Spassky et al. (2002) conclude that netrin-1 attracts OP cells migrating from explants of embryonic optic nerve. Spassky et al. (2002) also provide evidence for Sema3F attracting migrating OPs, and, in agreement with Sugimoto et al. (2001) , that Sema3A is a chemorepellent for these cells. Although these experiments address OP migration in vitro, whether these cues direct OP migration in vivo is not clear.
In the embryonic spinal cord, OPs originate in the ventral ventricular zone, at two foci located on either side of the midline, slightly dorsal to the floor plate (Pringle and Richardson, 1993; Yu et al., 1994; Ono et al., 1995; Orentas and Miller, 1996) . Beginning at ϳE12.5 in the mouse, OPs disperse throughout the developing spinal cord, migrating away from the ventral midline (Calver et al., 1998) . This trajectory suggests that cues produced by floor plate cells may repel migrating OP cells.
We postulated that netrin-1 might function as a repellent for OP cells in the embryonic spinal cord. Netrin-1 is produced at the ventral midline of the embryonic neural tube, where it repels some types of migrating axons and attracts others (Kennedy et al., 1994; Colamarino and Tessier-Lavigne, 1995; Varela-Echavarria et al., 1997) . Netrin-1 also directs the circumferential migration of neuronal precursor cells (Varela-Echavarria et al., 1997; Przyborski et al., 1998; Alcantara et al., 2000; Hamasaki et al., 2001 ). Here we show that netrin-1 is expressed by floor plate cells as OP cells migrate away from the ventral midline of the developing spinal cord. A netrin receptor complex composed of Deleted in Colorectal Cancer (DCC) and an UNC-5 homolog (UNC5H) mediates the repellent response to netrin-1 (Hong et al., 1999) . We report that both dcc and unc5h1 are expressed by migrating OP cells in the embryonic spinal cord. To test the hypothesis that netrin-1 might influence OP motility, we used an in vitro microchemotaxis assay and found that a gradient of netrin-1 repels the migration of cultured OP cells. Application of netrin-1 to OP cells in vitro caused the retraction of OP processes, consistent with a repellent function. Furthermore, we report that the distribution of OP cells is disrupted in the spinal cords of mouse embryos lacking DCC or netrin-1. Importantly, the change in cell distribution occurs without a change in cell number, indicating that the absence of netrin-1 or DCC does not affect cell survival. These findings indicate that netrin-1 functions as a repellent guidance cue for OP cell migration in the embryonic spinal cord.
Materials and Methods
Animals and oligodendrocyte precursor cell culture. Sprague Dawley rat pups and pregnant BALB/c mice were obtained from Charles River Canada (Quebec, Canada). Mice heterozygous for netrin-1 or DCC function were obtained from Marc Tessier-Lavigne (Stanford University, Stanford, CA) and Robert Weinberg (Harvard University, Cambridge, MA), respectively. All procedures with animals were performed in accordance with the Canadian Council on Animal Care guidelines for the use of animals in research. Oligodendrocyte precursor cells were obtained from mixed glial cultures derived from the cerebral cortices of postnatal day 0 rat pups, as described previously (Armstrong, 1998) .
Antibodies, immunocytochemistry, and immunohistochemical quantification. The following antibodies were used: monoclonal anti-NG2 (Chemicon, Temecula, CA), anti-DCC intracellular domain (G97-449), anti-DCC function blocking antibody (DCC FB , AF5; Calbiochem, La Jolla, CA), polyclonal anti-PDGF␣ receptor (PDGF␣R, C-20; Santa Cruz Biotechnology, Santa Cruz, CA), and anti-netrin PN2 (Manitt et al., 2001) . A2B5 hybridoma was provided by V. W. Yong (University of Calgary, Calgary, Canada).
For live labeling with A2B5, cells were incubated for 30 min at 4°C with hybridoma supernatant. Unbound antibody was washed away with DMEM. Cells were then washed with PBS, fixed with 4% paraformaldehyde (PFA), permeabilized with PBS containing 0.25% Triton X-100, and blocked with 3% heat-inactivated horse serum (HS)-1% bovine serum albumin-0.1% Triton X-100. Cells were then incubated with anti-DCC or anti-netrin PN2 diluted in blocking solution. NG2 labeling was similarly performed on fixed cells without the live labeling step. Primary antibodies were detected with secondary antibodies coupled to Cy3 or Alexa 488 (Molecular Probes, Eugene, OR). Nuclei were stained with Hoechst dye.
For immunohistochemical analyses, netrin-1 or DCC heterozygous mice were crossed, and embryonic day 15 (E15) embryos were obtained (plug date was designated as E1). Embryos were frozen in 2-methyl butane (Fisher Scientific, Houston, TX) chilled in liquid nitrogen and then mounted individually in optimal cutting temperature compound (Tissue Tek; Sakura Finetek, Torrance, CA); next, 6 m cryostat sections of the spinal brachial enlargement were cut, mounted onto slides (Superfrost Plus; Fisher Scientific), and fixed by immersion in 4% PFA, 15% picric acid, pH 8.5, in PBS (45 min at room temperature). The sections were rinsed in PBS, permeabilized with 0.5% Triton X-100 in PBS, and rinsed in PBS. To enhance antigenicity, sections were immersed in boiling PBS in a microwave oven for 11 min, cooled, and blocked (5% heatinactivated HS and 1% BSA in PBS for 1 hr at room temperature). Sections were then incubated with anti-PDGF␣R (1:1000) in blocking solution (overnight, 4°C) and visualized using Alexa 488-conjugated secondary antibody. Sections were stained with Hoechst dye to visualize nuclei. Fluorescence was visualized using a Zeiss (Toronto, Canada) Axiovert 100 microscope, a Magnafire CCD camera (Optronics, Goleta, CA), and Northern Eclipse Software (Empix Imaging, Ontario, Canada) . To analyze the distribution of OPs, each spinal cord section was photographed in four quadrants using a 20ϫ objective. The four images were assembled into a single image of a complete spinal cord using Photoshop (Adobe Systems, San Jose, CA). The length of the dorsoventral axis was measured along the midline from the top of the roof plate to the base of the ventral commissure, and each cord was divided into thirds. A cell was counted only if anti-PDGF␣R staining encircled a blue Hoechst-stained nucleus. Because of this criterion, fewer cells were counted in this analysis per section of cord relative to previous studies using PDGF␣R mRNA in situ hybridization (Calver et al., 1998) . Three sections were counted per embryo. Nonadjacent sections were counted to avoid counting the same cell more than once.
Transfilter microchemotaxis assay. OP-enriched cell suspensions were plated at a density of 1.25 ϫ 10 5 cells/ml on poly-D-lysine-coated polycarbonate transwell culture inserts (6.5 mm diameter with 8 m pore size; Corning, Corning, NY). One hundred microliters of cell suspension were used per filter, and the filters were placed in the wells of a 24 well tissue culture plate over 600 l of medium. Oligodendrocyte defined medium (OLDEM) was the base medium used for all assay conditions (DMEM, 5 g/ml insulin, 100 g/ml transferrin, 30 nM sodium selenite, 30 nM triiodothyronine, 6.3 ng/ml progesterone, 16 g/ml putrescine, 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM glutamax). Cells were allowed to migrate for 16 hr at 37°C, cells on the upper side of the filter were then scraped off, and the cells attached to the lower side of the filter were fixed with 4% PFA/0.1% glutaraldehyde (30 min, room temperature). Filters were then rinsed with PBS, and cell nuclei were stained with Hoechst dye. Cell nuclei were imaged using epifluorescence. For each transwell assay, a single image of the filter was captured using a 4ϫ objective, and nuclei were counted using Northern Eclipse software. Where pooled results are presented, the value referred to as "percentage migration versus control" (see Fig. 3C ) for a given trial represents the number of cells that migrated in that condition expressed as a percentage of the mean number of cells migrating in control conditions.
Analysis of OP morphology. Dissociated OP cells were plated in OLDEM at a density of 2.5 ϫ 10 4 cells/well in an 8 well plastic chamber slide precoated with poly-D-lysine. Cells were maintained in culture overnight, and the medium was then replaced with either fresh OLDEM (as a control) or OLDEM plus the factors being tested. After incubations of 30 min, 2 hr, or 16 hr, the cells were fixed and labeled with rhodamineconjugated phalloidin, anti-PDGF␣R (visualized using Alexa 488-conjugated secondary antibody), and Hoechst as described above. The surface area, length of longest process, and number of major processes of PDGF␣R-positive OPs were measured using rhodamine-phalloidin staining and Northern Eclipse software. Surface area corresponds to the two-dimensional surface area of the entire OP cell, including the cell body and all processes. The length of the longest process is the measurement from the base of the longest process to its tip. A major process refers to a terminal process whose length exceeded the maximum diameter of the cell body.
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Dissociated OP cells were plated in OLDEM at a density of 1 ϫ 10 4 cells/well in a 96 well tissue culture plate precoated with poly-D-lysine. Cells were grown in culture for 16 hr, followed by 1 additional hour in the presence of 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma, St. Louis, MO). The medium was then aspirated, and the cells were dissolved in isopropanol (100 l/well). Absorbance of the converted dye (⌬OD) was measured at 570 nm, with background subtraction at 630 nm (Denizot and Lang, 1986) .
Statistical analyses. All comparisons were performed by ANOVA with Fisher's least significant difference post hoc test using Systat software (SPSS, Chicago, IL).
In situ hybridization. Sense and antisense cRNA probe pairs corresponding to netrin-1 (Manitt et al., 2001) , dcc (Keino-Masu et al., 1996) , unc5h1 and unc5h2 (Leonardo et al., 1997) , and unc5h3 (Ackerman et al., 1997) were used. Cryostat sections of E15 mouse spinal cord were cut and fixed, and synthesis of digoxigenin (DIG)-labeled probes and hybridization were performed as described previously (Manitt et al., 2001) . For in situ hybridization analysis of expression in vitro, OP cells were cultured using Lab-Tek chamber slides (Fisher Scientific) and fixed with 4% PFA. Hybridization was performed overnight at 57°C (netrin-1), 57°C (dcc), 57°C (unc5h1), 60°C (unc5h2), and 57°C (unc5h3), followed by a stringent wash in 2ϫ SSC for 1 hr at 65°C. Slides were blocked (0.5% blocking powder in 1ϫ PBS; NEN, Boston, MA) for 30 min at room temperature. Hybridization was detected using a peroxidase-coupled antibody against DIG (Roche, Quebec, Canada). Incubation with anti-PDGF␣R was performed during this step. In situ signals were amplified using the TSAIndirect Tyramide Signal Amplification kit (NEN) and visualized usingAlexa 594-conjugated streptavidin. Alexa 488-conjugated anti-rabbit IgG secondary antibody was used to visualize PDGF␣R immunostaining.
Results

Netrin-1 is expressed at the ventral midline of the developing spinal cord during oligodendrocyte precursor migration
In the embryonic spinal cord, OP cells are born in the ventricular zone just dorsal to the floor plate. These cells then migrate away to populate all regions of the cord (Pringle and Richardson, 1993; Yu et al., 1994; Ono et al., 1995; Orentas and Miller, 1996; DiersFenger et al., 2001) . OP cells first appear in the embryonic mouse spinal cord at ϳE12.5 and are distributed throughout the mouse brachial spinal cord by E15 (Pringle and Richardson, 1993; Calver et al., 1998) . Netrin-1 is known to be expressed in the floor plate and ventral neuroepithelium of the E11.5 spinal cord (Serafini et al., 1996) , but expression had not been examined later in development during OP cell migration. Using in situ hybridization analysis, we show that at E15, floor plate cells continue to express netrin-1 as OPs migrate through the neuroepithelium (Fig. 1 A) . Double labeling with an antibody against the PDGF␣R, a marker specific for OP cells in the embryonic spinal cord, indicated that OPs do not express detectable levels of netrin-1 at E15 (Fig. 1 A,B) . Thus, expression of netrin-1 is temporally and spatially consistent with it having a role as an OP repellent.
Oligodendrocyte precursor cells express the netrin receptors dcc and unc5h1 but not unc5h2 or unc5h3 in the E15 mouse spinal cord DCC and UNC-5 homolog family members mediate the chemorepellent response of migrating neurons and axons to netrin-1 (Hedgecock et al., 1990; Hamelin et al., 1993; Przyborski et al., 1998; Hong et al., 1999; Goldowitz et al., 2000; Hamasaki et al., 2001; Keleman and Dickson, 2001) . By labeling OP cells with anti-PDGF␣R in combination with in situ hybridization analysis, we investigated the expression of dcc, unc5h1, unc5h2, and unc5h3 by OPs in E15 spinal cord. Dcc and unc5h1 expression was detected in most if not all PDGF␣R-positive OPs (Fig. 1C-F ) , supporting the hypothesis that these cells could respond to netrin-1. Unc5h2 and unc5h3 expression was not detected in oligodendrocyte precursors at E15 (data not shown).
Netrin-1 repels migrating oligodendrocyte precursors in vitro
To directly test the hypothesis that netrin-1 repels OP migration, cultures enriched for OP cells were prepared from the cerebral cortices of newborn rat brain as described previously (Armstrong, 1998) . OP cells were identified using the A2B5 monoclonal antibody (Raff et al., 1983) , polyclonal antibodies against NG2 (Stallcup and Beasley, 1987) , or polyclonal antibodies against PDGF␣R, all markers of OPs but not mature oligodendrocytes. Double labeling with these markers and either antibodies against netrin or DCC, or in situ hybridization for unc-5 homolog expression, was performed 24 hr after plating OP cells. These findings indicated that under these conditions in vitro, all OP cells express DCC (Fig.  2 A,B) and unc5h1 (Fig. 2C,D) but not netrin-1 (Fig. 2 E) . These results are consistent with our findings in the E15 spinal cord (Fig. 1) .
We then determined whether netrin-1 influences OP migration using a transfilter microchemotaxis assay (Falk et al., 1980) , an established method of analyzing OP cell motility (Armstrong et al., 1990; Simpson and Armstrong, 1999; Frost et al., 2000) . Cells were plated onto the top surface of a polycarbonate filter containing pores 8 m in diameter that was suspended in the well of a tissue culture plate (Fig. 3A) . Putative tropic factors can be tested by adding them to the medium beneath the filter, to the cell suspension before plating on top of the filter, or to both the top and bottom compartments. Cells migrating into a pore from the top of the filter can be challenged with an increasing gradient of the putative cue (cue on bottom), a decreasing gradient of the cue (cue on top), or an equal concentration of the cue on both sides (cue on top and bottom). Cells initially adhere to the upper surface of the filter. During migration, either spontaneously or in response to an added factor, some cells enter a pore and move to the lower side of the filter. At the end of the assay, which lasts 16 hr, cells that remain on the upper side of the filter are scraped off and the cells that have migrated to the lower side of the filter are fixed in place, stained, and counted. An attractant in the bottom chamber enhances migration from the top to the bottom of the filter. Conversely, a repellent cue in the lower chamber will reduce migration from the top to the bottom. A cue that has a kinetic effect will similarly influence migration regardless of being placed in the bottom chamber, top chamber, or both chambers. Figure 3B presents data from a single representative trial using the microchemotaxis assay. In the absence of any added cue, 187 Ϯ 16 (mean Ϯ SEM per 4ϫ field) OP cells spontaneously migrated to the bottom of the filter. PDGF-AA (20 ng/ml), a known OP cell chemoattractant, increased migration (372 Ϯ 25 cells) when added to the bottom compartment. In contrast, when Netrin-1 (100 ng/ml) in the bottom compartment (NB 100) significantly reduced cell migration compared with control. Increased migration to the bottom chamber was seen when 100 ng/ml netrin-1 was added to the top compartment (NT 100; B, C). The OP chemoattractant PDGF-AA (20 ng/ml, bottom) was used as a positive control (PB 20) . For each condition shown in B, n ϭ 4 wells per condition. C presents results pooled from multiple experimental trials and expressed as a percentage of control. Increasing concentrations of netrin-1 (3-200 ng/ml, NB 3-NB 200) produce a graded increase in the repellent action of netrin-1. Addition of the DCC function blocking antibody (2.7 g/ml) to the top and bottom chambers blocked the repellent action of netrin-1 in the bottom chamber (DCC FB NB 100). In the presence of DCC FB without added netrin-1, the same number of cells migrated as did in controls. In C, n ϭ 22 for controls; n ϭ 8 for NB 3, NB 10, NB 25, NB 50, NB 200, DCC FB , DCC FB NB 100, and NT 100; n ϭ 16 for NB 100; and n ϭ 21 for PB 20. D, Analysis of the results presented in C indicated that ϳ20 ng/ml netrin-1 produced a half-maximal repellent effect of netrin-1. E, The MTT assay indicated that application of netrin-1 at 0, 38 (N38), 100 (N100), or 200 (N200) ng/ml for 16 hr does not affect OP survival (n ϭ 6). Addition of DCC FB with 100 ng/ml netrin-1 also had no effect. PDGF-AA, an established mitogen for OP cells, resulted in an increased number of OPs after 16 hr. Values shown are means Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.005.
OPs were challenged with 100 ng/ml netrin-1 in the bottom compartment, migration decreased significantly (100 Ϯ 7 cells). Addition of 100 ng/ml netrin-1 to the top compartment caused an increase in the number of cells migrating to the lower side of the filter (223 Ϯ 21 cells) (Fig. 3B) . When the results from multiple experimental trials were pooled (Fig. 3C) , the increase in the number of cells migrating away from netrin-1 in the top compartment was found to be significant. Interestingly, when OPs were exposed to netrin-1 (100 ng/ml) added to both the top and bottom compartments (Fig. 3B) , migration was reduced (95 Ϯ 8 cells) to a level not significantly different from that obtained with netrin-1 in the lower chamber alone. Immunostaining the cells plated on the top of the filter or the cells that migrated to the lower side of the filter demonstrated in both cases that ϳ90% of the cells present were A2B5-or PDGF␣R-positive (data not shown).
DCC contributes to mediating both attractant and repellent responses of neuronal growth cones to netrin-1 (Hong et al., 1999) . To determine whether DCC is required for the repellent response of OP cells to netrin-1, OP cells were challenged with netrin-1 in the lower chamber in the presence of a DCC function blocking antibody added to the top and bottom chambers (2.7 g/ml DCC FB ). Addition of DCC FB blocked the response to netrin-1, producing migration not significantly different from controls (Fig.  3C ).
We performed a dose-response analysis of the repellent action of netrin-1 using the transfilter migration assay. Cells were challenged with increasing concentrations of netrin-1, from 3 to 200 ng/ml, added to the bottom chamber. Increasing concentrations of netrin-1 resulted in fewer cells migrating across the filter (Fig. 3C) . These values were best fit using a sigmoidal curve, and the EC 50 for the repellent response of OP cells to netrin-1 was determined to be ϳ20 ng/ml (Fig. 3D) .
Netrin-1 has been proposed to have trophic effects (Mehlen et al., 1998; Forcet et al., 2001; Llambi et al., 2001 ) in addition to its well documented function as a tropic guidance cue. This raised the possibility that netrin-1 might influence transfilter migration through an effect on cell survival and not cell motility. We directly tested whether the presence or absence of netrin-1 influences the survival or proliferation of OP cells in vitro. We determined whether netrin-1 influences OP survival or proliferation over a period of 16 hr in culture, the duration of the migration assay, using MTT, as described previously (Denizot and Lang, 1986; Richter-Landsberg and Vollgraf, 1998; Pang et al., 2000) . Quantification of the amount of metabolized MTT indicated that there was no difference between cells cultured without netrin-1 and cells cultured with 38, 100, or 200 ng/ml netrin-1 or with 100 ng/ml netrin-1 and 2.7 g/ml DCC FB (Fig. 3E ). These observations indicated that the presence or absence of netrin-1 does not affect the survival of these cells. In contrast, increased MTT conversion was detected in the presence of 20 ng/ml PDGF-AA (Fig. 3E) . However, the ϳ30% increase in dye production is not sufficient to account for the ϳ75% increase in the number of cells detected on the underside of the filter at the end of the migration assay, consistent with PDGF being both a mitogen and a chemoattractant for OPs, as described previously (Noble et al., 1988; Armstrong et al., 1990; Milner et al., 1996; Calver et al., 1998; Simpson and Armstrong, 1999) .
Netrin-1 induces retraction of oligodendrocyte precursor cell processes
Partial collapse of the cytoskeleton has been proposed to contribute to the turning response made by axonal growth cones to repellent guidance cues (Luo et al., 1993) . To test the hypothesis that the repellent action of netrin-1 might trigger cytoskeletal collapse and process retraction, OPs were incubated in vitro with 100 ng/ml netrin-1 for 30 min, 2 hr, and 16 hr. OPs were then labeled with an antibody against PDGF␣R and for filamentous actin (F-actin) using rhodamine-coupled phalloidin. Addition of netrin-1 caused a rapid and persistent decrease in OP surface area, process length, and process number at all time points. Addition of 2.7 g/ml DCC FB blocked the effect of netrin-1 at all time points examined. Application of DCC FB alone had no effect ( Fig. 4 ; supplemental Table 1 , available at www.jneurosci.org).
Aberrant distribution of oligodendrocyte precursors in mice lacking netrin-1 or DCC
To determine whether netrin-1 contributes to directing OP migration in vivo, we examined the distribution of OP cells in E15 mouse embryos lacking functional netrin-1 or DCC. Although the optic nerve has been widely used as a model system to study oligodendrocyte development, in netrin-1 or DCC knock-out mice, the axons of retinal ganglion cell neurons do not enter the optic nerve, producing optic nerve hypoplasia (Deiner et al., 1997) . We therefore focused our analysis of the distribution of OP cells in vivo on the E15 spinal cord. Heterozygous netrin-1 or DCC mice were crossed, producing litters containing wild-type, heterozygote, and homozygous loss-of-function embryos. Quantitative comparisons were performed within litters to maintain a precise age match between embryos.
Because development of the oligodendroglial lineage progresses along a rostrocaudal gradient in the spinal cord (Foran and Peterson, 1992; Hajihosseini et al., 1996) , tissue sections were collected exclusively from the brachial enlargement. OPs were detected with anti-PDGF␣R. For quantification, the image of each cross section of the spinal cord was divided into dorsal, medial, and ventral thirds along the dorsoventral axis (Fig. 5A) . A cell was counted only if anti-PDGF␣R staining encircled a blue Hoechst-stained nucleus (Fig.  5B ). This analysis indicated that in embryos homozygous for loss of netrin-1 or DCC function, significantly fewer OP cells were present in the dorsal third of the spinal cord. A corresponding increase was found in the number of cells present in the ventral third of the embryonic spinal cord in the absence of netrin-1 or DCC function (Figs. 6, 7; supplemental Table 2 , available at www.jneurosci.org). Importantly, the total OP cell number in sections of homozygous netrin-1 or DCC loss-of-function embryos was not significantly different from their heterozygote or wild-type littermates (Fig. 7B,D) . To age match the embryos as precisely as possible, the data presented in Figure 7 and Table 2 are restricted to embryos derived from a single litter. The same total number of PDGF␣R-positive cells was not always found in E15 spinal cords when compared between litters, likely reflecting the lack of a precise age match. However, analysis of multiple litters always revealed the phenotype reported in Figure 7 and Table 2 . These results indicate that the absence of netrin-1 or DCC function produces a dramatic change in the distribution of these cells, consistent with DCC being required to mediate a repellent response of OP cells to netrin-1.
Discussion
Netrins are a family of secreted proteins that function as tropic guidance cues directing cell and axon migration. We have reported recently that netrin-1 is expressed by mature myelinating oligodendroglia in the adult spinal cord (Manitt et al., 2001 ). This prompted us to investigate the possibility that netrin-1 might contribute to oligodendrocyte development. Here, we show that migrating OP cells in the embryonic spinal cord express dcc and unc5h1. Furthermore, we report that in the absence of netrin-1 or DCC function, fewer OP cells are found in the dorsal embryonic spinal cord, with a corresponding increase in the ventral spinal cord. The total number of OP cells present in a section of spinal cord remains the same, supporting the conclusion that this phenotype is the result of disrupted OP migration and not the result of altered proliferation or cell death. The repellent response to netrin often involves both DCC and an UNC-5 homolog family member (Colavita and Culotti, 1998; Hong et al., 1999; Keleman and Dickson, 2001 ). Our analysis of the effect of loss of DCC function, either because of gene knock-out in vivo or because of using a function blocking antibody in vitro, indicates that OPs require DCC to be repelled by netrin-1.
In contrast, Spassky et al. (2002) have reported recently that an aggregate of cells expressing netrin-1 exerts a modest chemoattractive effect on OP cells migrating from explants of embryonic rat optic nerve in vitro. Several possibilities may account for the discrepancy between these results and our conclusion that netrin-1 functions as a repellent for OPs. Multiple lineages of OP cells have been described previously (Spassky et al., 1998; Fu et al., 2002) , and it may be the case that OP cells migrating from ex- plants of optic nerve are different from OP cells in the embryonic spinal cord. Second, cues presented with netrin-1 can influence the response to netrin-1 (Hopker et al., 1999) . Such cues present in the optic nerve explant or secreted by the netrin-1-producing cells may switch the response of the OP cells to netrin-1 from repulsion to attraction. Importantly, the results of the transfilter migration assays reported here minimize the contributions of additional environmental factors by challenging OP cells with purified netrin-1 protein. In agreement with our findings, Sugimoto et al. (2001) have provided evidence that netrin-1 is a repellent cue for glial precursor cells, including OPs, migrating out of explants of newborn rat optic nerve. Spassky et al. (2002) suggest that the age of the explanted optic nerve may account for the discrepancy between these results, but this remains to be resolved. No direct evidence had been provided that netrin-1 influences OP cell migration in vivo. Here, the results of our in vitro analysis are consistent our findings in vivo, indicating that netrin-1 is a repellent for migrating OP cells in the embryonic spinal cord.
Relatively little is known about the migratory paths taken by OPs as they disperse throughout the developing spinal cord. Although radial glia may contribute to directing OPs laterally (Diers-Fenger et al., 2001) , the ventrodorsal migration of OP cells is poorly understood. It was suggested that OPs might migrate dorsally along commissural axons (Miller, 1996) ; however, the absence of migrating streams of OPs along these axons argues against this (Miller et al., 1997; Calver et al., 1998) . Alternatively, it has been proposed that OPs might be directed by cues that either attract them dorsally or repel them from the ventral embryonic spinal cord (Miller et al., 1997) . Our finding that netrin-1 repels OP migration in vitro supports the conclusion that a repellent action of netrin-1 directs migrating OP cells into the dorsal embryonic spinal cord.
Loss of DCC or netrin-1 function does not induce OP cell death
Both DCC and UNC-5 homologs have been suggested to function as proapoptotic dependence receptors, causing cell death in the absence of netrin-1 (Mehlen et al., 1998; Forcet et al., 2001; Llambi et al., 2001) . Convincing evidence, however, has not been provided that cells expressing physiologically relevant levels of netrin receptors die, either in vitro or in vivo, as a result of the absence of netrin. We show that OP cells express dcc and unc5h1 but not netrin-1. The absence of netrin-1 or DCC caused a defect in migration, but no effect on cell survival was observed in vivo or in vitro, indicating that neither DCC nor UNC5H1 functions as a proapoptotic dependence receptor in these cells.
Tropism, repulsion, and collapse
Using the transfilter microchemotaxis assay, we found that netrin-1 placed in the bottom chamber reduced the number of OPs migrating to the lower side of the filter, suggesting that netrin-1 is a repellent for OP cells. Consistent with this, netrin-1 in the upper chamber increased the number of OP cells migrating through the filter, indicating that these cells preferentially migrate down a gradient of netrin-1. Interestingly, an equal concentration of netrin-1 in the top and bottom compartments reduced migration to a level similar to that produced by netrin-1 on the bottom alone. If netrin-1 produced a purely tropic effect on OP migration, it might be expected that surrounding the cells with a uniform concentration of netrin-1 would have no effect on motility. The observation that a uniform concentration of netrin-1 causes the cells to become less motile indicates that netrin also exerts a kinetic effect on OP motility. However, when netrin-1 is placed only in the upper compartment and a high concentration of netrin-1 surrounds the cells, the cells do not freeze, but given the opportunity to escape from netrin-1, they migrate to the lower side of the filter. These results show that netrin-1 inhibits OP motility, but also suggest that if an OP cell finds itself in the midst of a gradient of netrin-1, its movement will be asymmetrically inhibited, and the cell will move in the direction of less inhibition.
These findings suggest that asymmetric limited collapse of the OP cytoskeleton and withdrawal of OP cell processes may underlie the repellent response of OP cells to a gradient of netrin-1. Partial collapse has been proposed as a mechanism underlying turns made by axonal growth cones in response to repellent guidance cues. For example, semaphorins were first identified in vertebrates on the basis of their ability to cause growth cone collapse (Luo et al., 1993) . Although a repellent cue can cause the complete collapse of a neuronal growth cone (Luo et al., 1993) , encountering a local source of the same repellent, such as a microscopic bead coated with the cue, may only induce partial collapse (Fan and Raper, 1995) . In this case, the edge of the growth cone contacting the bead may withdraw, but the growth cone will continue to extend away from the cue (Luo and Raper, 1994) . Our demonstration that netrin-1 induces a rapid and persistent retraction of OP cell processes is consistent with the hypothesis that a gradient of netrin-1 may direct OP cell migration by triggering asymmetric collapse of the OP cytoskeleton.
In the chemotaxis assay, although migration toward netrin-1 is significantly reduced when compared with controls, migration was not completely blocked. Our findings are consistent with a model in which netrin-1 reduces but does not completely suppress spontaneous oligodendrocyte motility. If a cell is to move from a high concentration toward a lower concentration of a repellent cue, the collapsing action of the cue cannot be so potent that it inhibits motility entirely; otherwise the cell will never escape the high concentration of the cue. This interpretation is in agreement with the observations that netrin-1 induces partial but not complete withdrawal of OP cell processes, that netrin-1 does not completely block OP migration in the transfilter assay, and that a uniform concentration of netrin-1 presented on the top and bottom of the chemotaxis chamber inhibits migration to an extent similar to presentation of netrin-1 in the bottom chamber alone.
Oligodendrocytes but not oligodendrocyte precursors express netrin-1 in vivo
Here we show that netrin-1 is not expressed by OP cells. We have reported recently that netrin-1 is expressed by myelinating oligodendrocytes in the adult mammalian spinal cord (Manitt et al., 2001) . Whereas OPs are capable of migrating great distances and remyelinating axons when transplanted into either demyelinated lesions or mutant animals lacking normal myelination (Gumpel et al., 1989; Groves et al., 1993; Warrington et al., 1993) , OPs transplanted into appropriately myelinated regions migrate very little (O'Leary and Blakemore, 1997) . Furthermore, in a study using coculture of oligodendroglia and the CG4 OP-like cell line (Louis et al., 1992) , the extending processes of CG4 cells collapsed when they contacted oligodendrocyte processes (Jefferson et al., 1997) . These findings suggest that netrin-1 produced by mature oligodendroglia in vivo may inhibit the migration of OPs into regions in which sufficient numbers of oligodendrocytes are present and locally contribute to appropriately spacing them along the axon.
Myelination is essential for proper CNS function. In demyelinating diseases such as multiple sclerosis, even focal myelin loss can result in impairment (Orentas and Miller, 1998) . The evidence presented here indicates that netrin-1 is an essential cue that directs migrating OP cells during neural development. Further understanding the fundamental mechanisms that direct the development and maturation of oligodendrocytes will provide 
